Introduction
Single-crystal diamond exhibits excellent optical properties which make it an attractive nanophotonics platform, due in part to its wide transparency window and vast inventory of luminescent defects [1] [2] . Integration of such color centers with monolithic diamond nanophotonic networks would ultimately enable scalable quantum information architectures [1] [2] . Despite its promise, diamond nanophotonics has progressed slowly, primarily due to a lack of heteroepitaxial diamond growth techniques.
Integrated nanophotonics are typically realized through scalable planar fabrication, whereby the device layer is a thin film optically isolated from a supporting substrate of a different material. Single-crystal diamond is one example from an extensive list of materials for which high quality single-crystal thin film heterolayer structures do not exist. To address this, we recently demonstrated an 'angled-etching' nanofabrication method for realizing suspended photonic nanostructures in bulk single-crystal diamond [3] . Angled-etching employs anisotropic oxygen plasma etching at an oblique angle to the substrate surface, yielding suspended triangular cross-section nanobeams directly from single-crystal bulk diamond substrates. Using this approach, we have already demonstrated singlecrystal diamond nanomechanical resonators [4] . Herein, we report high Q-factor (> 10 5 ) optical nanocavities (including photonic crystal cavities and racetrack resonators), fabricated in bulk single-crystal diamond via our angled-etching methodology, operating over a wide wavelength range (visible to telecom).
Results and discussion
Representative single-crystal diamond nanobeam cavities fabricated by angled-etching for operation in the telecom band are shown in Figures 1 (a) and (b). Here, the optical cavity is a single-crystal diamond waveguides perforated with a chirped lattice of air holes to form a one-dimensional nanobeam photonic crystal cavity (referred to as nanobeam cavities). From finite-difference time-domain (FDTD) modeling, the nanobeam cavity design has a Q ~ 3.0x10 6 and mode volume V ~ 2.26(λ/n) 3 as the theoretical figures of merit for the fundamental TE-like cavity mode. In addition, the nanobeam cavity design was found to also support TM-like cavity resonances, with the fundamental TM-like resonance wavelength having λ TM ~ 0.9λ TE , Q ~ 1.3x10 5 and V ~ 2.55(λ/n) 3 . A normalized broadband transmission spectrum collected from a fabricated device via fiber taper coupling is shown in Figure 1 (c) . Two sets of transmission dips are observed attributed to cavity resonances, where the dips located near 1610 nm and 1490 nm correspond to TE-like and TM-like modes, respectively. High resolution spectra of fundamental TM-like and TE-like cavity modes are shown in Figure 1 (d) and (e) respectively. The fiber loaded Q-factors of the fundamental and second order TM-like nanobeam cavity were approximately 24,000 and 3,700 respectively, while the first three TE-like cavity modes had loaded Q-factors of 183,000, 94,000, and 22,000, respectively. Q-factors observed for these devices are on par with similar devices fabricated in standard photonic materials (i.e. silicon). Considering the wavelength scale mode volume (V ~ (λ/n) 3 ) of these devices, this optical cavity represents the highest Q/V device experimentally realized for diamond nanophotonics.
Having demonstrated photonic crystal cavities in single-crystal diamond at telecom wavelengths, the broadband nature of diamond is utilized by shrinking the previously stated device dimensions ~ 2.5x for operation in the visible band, specifically to target the emission of diamond color centers. Transmission measurements of nanobeam cavities in the visible were performed via a free-space coupling technique with the ability to pump and collect light at opposite ends of the nanobeam cavity. A representative broadband transmission spectrum is shown in Figure 1 (f) -an SEM of the device included as the inset -with the displayed spectra corresponding to the TE-polarized light transmitted through the nanobeam cavity. A high resolution scan (Figure 1 (g) ) of the fundamental TE-like cavity mode at λ TE,exp ~ 648 nm revealed a waveguide coupled Q-factor of ~ 5,100, with the best cavities having Q ~ 8,200, a promising step forward in the pursuit of solid-state quantum repeaters based on diamond color centers.
In addition to nanobeam cavities, single-crystal diamond racetrack resonators were also realized by angledetching. To construct free-standing looped waveguide structures from a bulk substrate, a novel vertical support structure, shown in Figure 2 (a-c) , was employed. These vertical support structures are achieved by positively tapering the waveguide width ~ 15 % of the nominal value over 20 μm long straight portions, such that a pedestallike cross-section is achieved near the maximum support width. As such, the free-standing waveguide continues to efficiently route photons, while maintains physical support through attachment to the bulk substrate.
A typical normalized transmission spectrum collected via fiber taper coupling, is shown in Figure 2 (d) (coupling position indicated by the inset). Distinct transmission dips are observed, and two modes supported by the structure are evident. Lorentzian fits to nearly critically coupled transmission dips of each supported mode reveal taper loaded Q-factors of ~ 151 000 and 113 000, as displayed in Figure 2 (e) and (f) respectively. From the measured Q-factors, the estimated diamond waveguide transmission loss is ~1.5 dB/cm. Therefore, we have shown the potential of low loss nanophotonic devices carved from a bulk crystal. As such, high optical quality thin films supported on lowindex substrates are no longer a pre-requisite for on-chip photonics material platforms. This work was supported in part by the Defense Advanced Research Projects Agency (QuINESS program). Fabrication was performed at the Center for Nanoscale Systems (CNS) at Harvard University.
